Abstract The present research aimed to discuss the applicability of cationic grouts in geotechnical engineering. The effects of several cationic stabilizers such as monovalent (sodium silicate), divalent (calcium oxide and calcium chloride), and trivalent (aluminum hydroxide) were investigated on shear strength improvement of tropical peat samples. The unconfined compressive strength (UCS) tests were performed after the time frame of 7, 21, and 30 days as curing time, respectively. Apart from the physicochemical characteristics of the stabilized peat, scanning electron microscopy and energy-dispersive X-ray spectroscopy tests were also carried out to study the ongoing microstructural changes. It is to be noted that the shear strength values for peat samples rose to 8, 6, 6, and 4 % of sodium silicate, calcium oxide, calcium chloride, and aluminum hydroxide, respectively. The highest observed UCS outcome is the one taken from the calcium oxide where the UCS of treated peat after 30-day curing time increased to 76 kPa. The strength changes resulted from the various cationic stabilizers can best be explained via the consideration within the mineralogical composition as well as those physicochemical changes happening in the peat.
Introduction
As stated by the American Standard of Testing and Material (ASTM), peat is a soil having more than 75 % organic content. It is generally formed under anaerobic conditions through the action of fungi, bacteria, and chemical compounds upon the plant remains. Peat naturally contains a very high water content in comparison with mineral soils. However, in most countries around the globe, this material covers a substantial area which is called tropical land. In Malaysia, about 8 % of the country's land area is covered with this type of soil (Edil 2001; Huat 2004 ). The extremely low shear strength of peat has propelled this soil material family to a prominent place within various research scopes in the realm of soil improvement (Edil and Wang 2000; Hebib and Farrell 2003; Kalantari et al. 2010; Kazemian et al. 2012) .
Chemical stabilization applies to a variety of soils. They are often applied as a cost-effective material to improve the performance of soft ground. Chemically based solution grouts are the homogeneous molecular mixtures of two or more substances. Almost all grout systems form a colloid on the basis of reacting main stabilizer (e.g., a silicate solution) polymerizing further to produce a gel binding soil or sediment particles together and fills voids. Although the acidity and alkalinity rate of grout is very crucial within the polymerization process, the grout solutions are mostly alkaline. As this alkaline solution is neutralized, the main stabilizer composition (e.g., colloidal silica in sodium silicate system grout) aggregates to form a gel. It is noteworthy that the gel strength should be good enough for both short-and long-term application (Shroff and Shah 1993) . Chen and Wang (2006) explained that the pH is paramount in hydration of grouts as, when it is lower than nine, hydration products are dissolved and produce no hardening or low levels of hardening.
Stabilization of peat with chemical reagents such as quick lime (CaO) was also widely used since lime can effectively control the swelling of soils through the physicochemical modifications, thereby superstructure distortion is reported to be substantially reduced (Mateos 1964; Bell 1996) . Regardless of modifying the swelling and plasticity characteristics, quick lime can stabilize the soils through cementation giving rise to a visible increase in stiffness and strength (Rajasekaran and Rao 2000) . The cementation is chiefly due to pozzolanic reactions and can significantly improve the long-term performance of the stabilized soils (Rogers et al. 2006; Khattab et al. 2007) . Several case studies have been reported on the soil improvement of peat (Joshi et al. 1981; Petry and Little 2002; Wilkinson et al. 2010; Kolay et al. 2011) .
Peat level of improvement is affected by a number of factors, namely water content, chemical, physical, and mineralogical properties (Mitchell 1993; Kazemian et al. 2011b) . In this paper, attempts have been made to evaluate the effects of cationic stabilizer on the undergoing changes within the undrained shear strength, pH, moisture content, and microstructure (scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy analysis (EDX)) of the peat.
Materials and Methods
The peat samples were collected from several locations of Kg. Jawa Klang, Selangor, Malaysia. The disturbed soil containers were capable of being sealed to prevent any moisture loss or gain. Precautions were taken into account to avoid any kind of jolting during the transportation of the soil. The physicochemical properties of the used peat in this study are subsequently presented in Table 1 .
The peat samples were prepared on the basis of BS 1377-1 (1990) to assess the initial physicochemical properties of soil such as organic content (BS 1377 (BS -3: 1990 , liquid limit (BS 1377-2 1990), water content (BS 1377 (BS -2-3: 1990 , specific gravity (BS 1377 (BS -2-8.4: 1990 , pH (BS 1377 (BS -3-9:1990 , and f potential (ASTM-4187). Additionally, the cationic exchange capacity (CEC) was determined based on Gillman and Sumpter method (1986) . According to the XRD data, the kaolinite (Al 2 Si 2 O 5 (OH) 4 ) is observed to be the main mineral of the clay fraction part (Fig. 1) . The cationic stabilizers were mixed with the baseline peat in 2, 4, 6, 8, and 10 % of the wet soil weight. Sodium silicate, a white powder readily soluble in water, produces an alkaline solution. Sodium silicates are applied in chemical grouting since they are considered as non-polluting, environmentally safe, and non-hazardous materials to health (Yonekura and Kaga 1992; Karol 2003) .Calcium oxide is also a common substance found in rocks in all parts of the world and is the main component of shells of marine organisms such as snails, coal balls, pearls, and eggshells. Lime stabilization is most suitable in clayey soils having adequate silica and alumina constituents to induce the pozzolanic reaction. Aluminum hydroxide is abundant in nature as the mineral gibbsite. Freshly precipitated aluminum hydroxide forms gels, which is the basis for the application of aluminum salts as flocculants in water purification. This gel crystallizes by the pass of time. Calcium chloride (CaCl 2 ) is a salt of calcium and chloride. It behaves as a typical ionic halide and is solid at room temperature. Calcium chloride can serve as a source of calcium ions in a solution due to the fact that calcium chloride is soluble. All chemicals grouts were obtained from Merck Sdn. Bhd., Malaysia.
Experimental Methods
Unconfined compressive strength (UCS) tests were conducted on the undisturbed peat and treated peat with various chemical binders, as for the strength evaluation test. The mixing procedure and curing system used in this study was adopted in the EuroSoilStab project. The Design Guide: Soft Soil Stabilization, which was prepared as a part of the EuroSoilStab (2002) Project, describes the diverse methods of stabilizing soft peat, the design approaches normally adopted, the tests methods applicable in determining the appropriate binder, and eventually the site equipment and installation procedure to be used. The specimens were then placed in a unique design sample box consisting of a plastic tray positioned vertically in order to store specimens. The tray was then filled with water up to 5.0 cm to simulate the in situ condition. After 7, 21, and 30 days, at room temperature, the specimens were extracted from the plastic tubes and the UCS tests were carried out.
Unconfined Compressive Strength Tests
The effectiveness of the stabilization was evaluated by measuring the shear strength of the samples using the UCS test, on the basis of BS 1377-7-7 (1990) after 7, 21, and 30 days. UCS tests were conducted on the unstabilized and stabilized peat samples with different binders, as one of the strength evaluation tests. Generally, the size of the samples was 38 mm in diameter and 76 mm long [Length (L)/Diameter (D) = 2.0]. According to ASTM C42-90, the strength correction factor of 1.0 was used to calculate q u . After 
Microstructural Tests
To study the microstructure of stabilized soil, scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) tests were performed. EDX is an analytical technique used for chemical characterization or the elemental analysis of a sample. The characterization capabilities of EDX are due in large part to the fundamental principle that each element has a unique atomic structure allowing X-rays that are properties of an element's atomic structure to be identified uniquely from one another. It should be mentioned that the EDX outputs were measured as the average of four measurements of the same location, and microstructural studies with equipment brand Hitachi Japan (Model S3400 N) were performed on each sample. Plate 3.2 (b) shows the SEM and EDX equipment which were used for this study. The samples in these tests were carefully cut with a sharp knife after 14 days of curing to make sticks, about 3-5 mm long. These sticks were then frozen immediately in nitrogen slush at -210°C to retain the soil fabric. While the samples were still frozen, they were broken into small-size clusters and put into vacuum desiccators. Eventually, they were coated with a thin layer of gold-platinum to perform the SEM and EDX analyses. The coating time was 2 min with a specific electric current, producing a layer of around 30-50 nm thickness on the samples.
Results and Discussion
The improvement of peaty soil is affected by a number of elements, namely water content; nature and amount of organic content; physical, chemical, and mineralogical characteristics; and the pH of pore water (EuroSoilStab 2002) . The EDX output of natural peat reveals the presence of oxygen (46.2 %), carbon (29.3 %), calcium (3.0 %), alumina (2.5 %), and silica (5.1 %) accordingly. It is well known that having enough silica and alumina constituents in the baseline soil induces the pozzolanic reaction (Munfakh and Wyllie 2000) . The soil composition also influences the selection of stabilizers. For instance, lime stabilization is suitable only in clayey soils containing enough fundamental components (i.e., silica and alumina constituents) to induce the pozzolanic reaction (Munfakh 2003) .
In comparison with the clayey soil, the peat contains fewer solid particles to stabilize, and it is the solid particles which provide a definite structure. Subsequently, a greater quantity of stabilizer material needs to be added. In addition to this, peat soils have a significantly higher level of water/soil ratio than clay. Needless to mention that the higher amount of water in the soils brings about larger voids, thereby requiring more costly stabilizing processes (EuroSoilStab 2002) . Effect of cationic stabilizers on physicochemical improvement of peat was evaluated through measuring various parameters including the UCS, pH, moisture content, and microstructural analysis of treated soil samples.
Effect of Cationic Stabilizers on the Improvement of Peat
The influence of different monovalent and multivalent cationic species namely sodium silicate, calcium oxide, aluminum hydroxide, and calcium chloride on the improvement of peat has been investigated, and the results are presented to cast more light on the issue, especially in terms of UCS ratio of the cured samples within the time frame of 7, 21, and 30 days. The repeatability and reliability of the sample preparation and analysis method were controlled by multiple tests on several samples. The pH of the untreated peat samples was 5.63, indicating the soil is in an acidic media (Table 1 ). The reduction in the pH value of the soil demonstrates an increase in the rate of hydrogen ion activity (Mitchell and Soga 2005) . It is worth mentioning that the reduction in organic content and change made in stabilizers concentration affect the pH (Sunil et al. 2006) . The pH value of the pore solution is pivotal for the process of hydration. When the value is lower than 9, the hydration products are dissolved, producing no hardening or low hardening (Chen and Wang 2006) . If acid in peat is not neutralized by sufficient binder, the acid strongly retards the hydration and secondary pozzolanic reactions because it has a strong chemical affinity to multivalent cations liberated from the possible cationic stabilizer hydrolysis (Kazemian et al. 2011b ).
Effect of Sodium Silicate on the Peaty Soil Improvement
The UCS value of the baseline peat was 15.7 kPa. The UCS results of sodium silicate grouts having 2, 4, 6, 8, and 10 % sodium silicate within the 30-day curing were 27.3, 29.8, 39.9, 39.7, and 35.1 kPa, respectively. There was insignificant difference between observed result for the UCS values of soil sample that cured in 21 and 30 days (Fig. 2) . The EDX result of natural peat showed the presence of oxygen (46.2 %), carbon (29.3 %), calcium (3.0 %), alumina (2.5 %), and silica (5.1 %) accordingly. By adding sodium silicate solution to the confection, the available calcium ions in the soil are bound by silicate ions of the additive. The available calcium atoms inside the baseline peat will react with the silicate injected from the sodium silicate grout and form a silica gel and more calcium silicate hydrate (CSH) gel that binds soil particles together. It is observed that the UCS results of the treated soil with sodium silicate increased upon 8 % of the wet soil. There was a remarkable reduction in the UCS results by mixing soil with more than 8 % sodium silicate concentration (Fig. 2 ). Such reduction is because of the charge balance in the confection which in turn giving the extra negative charge to the peat, thereby leading to re-stabilization and prevent to increase the strength. The effect of sodium silicate grout on the moisture content of treated samples has been investigated, and the results in terms of the ratio of water percentages remained in the cured samples upon 7-, 21-, and 30-day time are presented in Fig. 2 . As can be seen, the moisture contents of the treated peat with sodium silicate grouts increased from its initial value of 159 % to the more than 180 % almost for all of cured samples. The moisture content of the 7-day cured samples did not change significantly by increasing the sodium silicate concentration (Fig. 2) . However, the moisture content of the entire treated samples almost reduced with increasing the sodium silicate dosage upon 4 % of the wet soil. This is attributed to the constant electrical surface charge behavior of particles suspended to the sodium silicate solution [The surface charge of the peat affected with cationic stabilizers (e.g. saline solutions) is comprehensively discussed in (Moayedi et al. 2012) ]. Consequently, the increased sodium silicate concentration did not lead to changing thickness of the DDL and hence negligible change in the moisture content.
The effect of sodium silicate grout on pH of the treated samples is investigated, and the results of pH for 7-, 21-, and 30-day curing time are provided in Fig. 3 . The results showed the same trend regardless the curing time. Within the entire curing period, the pH of treated soil mixed with sodium silicate grouts increased by increasing the sodium silicate concentration. The average pH results of sodium silicate grouts having 2, 4, 6, 8, and 10 % sodium silicate conditions were 6.5, 7.0, 7.5, 7.9, and 8.6, respectively (Fig. 3) .
As mentioned earlier, sodium silicate is basic and will be precipitated as a gel by neutralization. Thus, a dilute sodium silicate solution mixed with certain acids or acid salts will form a gel after a time interval related to the chemical concentrations. It is also reported that if alkaline solution with sodium silicate concentration above 1 or 2 % by volume is neutralized by reactants (e.g., calcium chloride and/or formamide), colloidal silica will aggregate to form a gel (Yonekura et al. 1996; Karol 2003) . In addition, the increase in pH certainly accelerates the formation of cementitious compounds. It is known that alkali silicates and aluminates which are formed at high pHs react with calcium which leads to the formation of mixed calcium sodium silicate.
Effect of Calcium Oxide on the Peaty Soil Improvement
The influence of calcium oxide (quick lime) was studied by preparing samples with different concentrations of calcium oxide (0, 2, 4, 6, 8, and 10 % by weight of wet peat). The effect of calcium oxide on the shear strength, pH, and moisture content of the samples after 7, 21, 30 days of curing are presented in Figs. 4 and 5.
The UCS results of the peat soil stabilized with calcium oxide after 30-day curing time were 60.2, 70.6, 75.7, 65.1, and 37.3 kPa. Comparing with the UCS value of the original peat which was 15.7 kPa, there were 384, 450, 482, 415, and 238 % increasing in the UCS of the natural peat, respectively (Fig. 4) . This result is in contrary with the results reported by the Kolay et al. (2011) that the UCS value of the stabilized peat with the quick lime increased up to 500 % for the 28-day curing period.
The increase in calcium oxide content, beyond a certain limit, is found to have reduced the shear strength gain (Fig. 4) .It is observed that the UCS results of stabilized peat increased by addition of calcium oxide up to the 6 % of the wet soil and after that decreased significantly. Based on the results obtained from the surface charge of the peat affected by high molarities of calcium oxide, the net charge of the stabilized soil is reversed by addition of high concentration of the calcium ions from negative to the positive. It can be concluded that high concentration of the calcium oxide causes the organic colloidal particles to repel each other and prevent them from aggregating. In other words, due to the addition of extra calcium cations, the charge balances in the confection, giving a positive charge to the peat and thereby resulting of deflocculating of the large-size particles (Kazemian et al. 2011a) . Furthermore, it is postulated that since lime itself has neither appreciable friction nor cohesion, excess of lime reduces the strength (Bell 1989 (Bell , 1996 Tonoz et al. 2004; Dash and Hussain 2012) .
The stabilized soil with 6 % calcium oxide showed the UCS value equal to 75.7 kPa corresponding the 482 % strength increment. However, the observed strength might not still be good for some practical issues. Generally, the low UCS result of stabilized peat soil is due to high presence of the organic matter. The peat has a large proportion of organic matters that really do not have any pozzolanic characteristics necessary for lime to react upon. It is indeed well established that organic material does not contribute to cementation. The entire reaction that happens is due to the non-organic content of the soil that reacts with lime to produce cementation. If the organic matter quantity being less, the cementation is weak and thereby the strength improvement results low.
The moisture content of peat soils can be reduced using compounds having high cation valence. Almost, all of the specimens have shown a decrease in the moisture content with increase in calcium oxide percentage. It is noteworthy that with the addition of Fig. 4 Effect of calcium oxide addition on the UCS value and water content of peat after various curing periods Fig. 5 Effect of calcium oxide addition on pH of peat after various curing periods calcium oxide, extra Ca 2? ions are released into the pore fluid. As a result, the electrolyte concentration of the pore water increases that reduces the thickness of the DDL, held on to the soil, leading to reduced moisture content. Several calcium oxide (e.g., quick lime) treatments are reported that have produced adverse effect on the performance of soils. The presence of high concentration of calcium oxides simultaneously reduced the moisture content and increased the shear strength of stabilized soil. This is due to the significant effect of hydroxyl ions which in turn modifies the water affinity of the peat particles. Furthermore, in an alkaline environment with pH value above 10, there takes place formation of calcium silicate hydrate (CSH) gel, consisting of solid products of hydration and water, held physically or adsorbed on the surface of the hydrates. This water, called gel water, is located between the solid products of hydration, in the gel pores of very small size (i.e., about 2 lm). It has been established that the volume of gel water is as high as 28 % of the volume of gel (Neville and Brooks 2004; Dash and Hussain 2012) .
There was a significant increase in the rate of pH of the peat when stabilized with the calcium oxide. The rate of pH increasing was reduced for the concentration of calcium oxide more than 6 % (Fig. 5 ). The pH increase (i.e., due to quick lime) induces the additional negative charge of the peat particle leading to the edge-to-face attraction of kaolinite mineral fraction by giving rise to a flocculated structure (Taylor 1959; Rajasekaran and Narasimha Rao 1996) . In fact, the pH of the soil-water system is found to increase with calcium oxide and with about 10 % of lime shot up to 12.3.
Effect of Aluminum Hydroxide on the Peaty Soil Improvement
The influence of aluminum hydroxide system grout on stabilized peat soil samples has been studied, and the UCS results of stabilized soil for 7-, 21-, and 30-day curing time are provided in Fig. 6 . Although the aluminum hydroxide is not commonly used as a stabilizer in geotechnical engineering, the stabilized samples with the aluminum hydroxide grouts have proved to have a very good UCS results (Fig. 6) . One of the possible reasons behind such high UCS result could be due to its natural mineral composition. As stated earlier, the aluminum hydroxide is found in nature as the mineral of gibbsite which is one of the three main phases comprising the rock bauxite. The UCS value of stabilized sample was increased by increasing the aluminum hydroxide concentration; however, the peak in the UCS results was observed where 4 % aluminum hydroxide concentration grouts are used. Besides, the UCS results of the stabilized soil in 7-day curing period and with 6 % aluminum hydroxide grouts are approximately the same along with the UCS value of samples mixed with the 4 % aluminum hydroxide grouts. However, by increasing the curing time to 21 and 30 days, considerable reduction was measured from UCS result of 6 % compared with the 4 % aluminum hydroxide concentration (Fig. 6 ). When peat particles react with cationic stabilizers, cation exchange and flocculation occur and these processes are responsible in the improvements of strength and load-deformation behavior (Kazemian 2011) . The reduction in the shear strength of treated samples with high aluminum hydroxide grouts is attributed to the addition of extra aluminum (Al 3? ) ions which in turn reverses the surface electrical charge of the peat by giving a positive charge to the peat, thereby leading to the re-stabilization of the colloidal fraction and deflocculating of the large-size particles. The higher repulsive forces between peat particles, the more reduction resulted in the UCS output. Repulsive forces generally prevent peat particles to be aggregated which in turn yielding lower strength achievements.
On the other hand, the bridge between the simple coordinated OH groups of aluminum hydroxide and phenolic OH and carboxyl groups of the organic Fig. 6 Effect of aluminum hydroxide addition on water content of peat after various curing periods matter is categorized in the ligand-exchange group which is known as the strongest organo-mineral associations (Lützow et al. 2006) .
The effect of aluminum hydroxide grout on moisture content of treated peat has been studied, and the results are presented in Fig. 6 for 7-, 21-, and 30-day curing period. The moisture content of the treated samples decreased with increasing aluminum hydroxide concentration up to the 6 % of the wet soil. The decreasing trend was more evident in a longer curing period (e.g., 21-and 30-day curing period). The moisture content of treated soil with 2, 4, 6, 8, and 10 % aluminum hydroxide grouts which curing time of 30 days were 157, 145, 141, 141, and 142 %, respectively.
It is observed that, for the whole samples investigated herein, there is an immediate decrease in moisture content upon the addition of aluminum hydroxide. It is of interest to note that, with aluminum hydroxide treatment and after 30 days as time frame, the moisture content of the stabilized soil has reduced from the average amount of about 157 % in the 2 % the aluminum hydroxide concentration grout to the average of 146 % in the 4 % of the grout. The highest decreasing in the moisture content was measured from the 6 % aluminum hydroxide concentration grout where the moisture content reduced to 141 % corresponding to about 19 % reduction in the unstabilized soil sample. This substantial reduction in moisture content suggests that the baseline soil itself has undergone changes.
The electrical surface charge of the organic colloidal particles in the high concentration of aluminum hydroxide suspension got reversed due to the addition of the extra Al 3? cations (e.g., using high molarities of aluminum hydroxide). Reversing the surface charge of peat soil to the positive causes colloidal particles to repel each other and thereby prevent them from flocculating of the small-size particles. This is the reason why the shear strength of stabilized soil upon 4 % aluminum hydroxide concentration tends to decrease (Fig. 6 ).
In comparison with other cationic stabilizers, the aluminum ions have more cation valences. Hunter (1981) described that an increase in the cation valence reduces the affinity of water to the peat surface and decreases the water content due to several reasons here just a few to name: (1) the mechanisms increasing the adsorption of organic compounds by the mineral fraction of the peat and (2) the changes made in the soil surface charges (Hunter 1981) .
The influence of aluminum hydroxide grout on pH of the soil samples is studied, and the results of stabilized soil's pH are presented for different curing periods. In comparison with the other applied stabilizers, stabilized soils with the aluminum hydroxide grouts brought about lower pHs for the stabilized organic samples (Fig. 7) . The range of pH for stabilized samples with aluminum hydroxide grout was between 6.4 and 7.06.
It is observed that the increasing aluminum hydroxide concentration did not considerably alter the pH level of the stabilized soil. The pHs of the stabilized soils were observed almost in the acidic (Fig. 7) . This could be due to the complexity of the organic matter on the mineral surface. It is to be noted that such complexity via ligand exchange increases with decreasing pH, with maximal sorption between pH of 4.3 and 4.7. This pH is corresponding to pK a values of the most abundant carboxylic acids in soils (Gu et al. 1994) . Therefore, ligand exchange between reactive inorganic hydroxyls (OH groups of Fe, Al, and Mn oxides and edge sites of phyllosilicates) and organic carboxyl and phenolic OH groups is restricted to acid soils rich in minerals with protonated hydroxyl groups (Shen 1999) . The baseline soil used in this study is a natural peat which its low pH (i.e., pH = 5.63) classifies it as an acidic soil. The observed UCS results from stabilized peat with aluminum hydroxide grouts could clearly prove an effective ligand exchange between reactive Al hydroxyl with organic carboxyl and phenolic OH groups. 
Effect of Calcium Chloride on the Peaty Soil Improvement
Similar to the calcium oxide, the calcium chloride solution can also serve as a source of calcium ions in a solution. The calcium chloride is highly soluble. This property can be useful in displacing ions from solution. For instance, the illitic soil could be best hardened by the addition of Ca 2? ions (i.e., supplied from the calcium chloride). The hardening of soil has been developed as a result of variations in soil moisture content and ion exchange without any apparent chemical cementation (Adamson et al. 1967; Esrig and Gemeinhardt 1967) .
The influence of calcium chloride in this study was studied by preparing samples with different concentrations of calcium chloride (0, 1, 2, 4, 6, 8, and 10 % by weight of wet peat). The presence of calcium chloride also presented a positive influence on the UCS results of samples cured for 7, 21, and 30 days. The more calcium chloride that used, the higher UCS results are achieved (Fig. 8) . For example, the UCS results of the treated samples admixed with 1, 2, 4, 6, 8, and 10 % calcium chloride and cured for 7 days were 28.9, 29.0, 29.1, 25.6, and 17.6 kPa, respectively (Fig. 8) . The increase in the UCS values obtained upon 6 % concentration where a sharp decrease was observed in the shear strength of the treated soil. Such reduction in the shear strength of treated samples is attributed to the presence of extra calcium ions which results in reversing the surface electrical charge. The discussion about the effect of calcium chloride on the UCS results of treated sample will be explained later.
The combination of the alumina (2.5 %) as well as silica (5.1 %) in the peat and the calcium ions from the calcium chloride, two different cementation compounds namely Calcium Silicate Hydrate (CSH) and Calcium Aluminate Hydrate (CAH) were formed. The microstructural analysis (SEM and EDX) was conducted to assess the development of these gels and its effort on the soil physical characteristics. Another important issue is the effect of calcium chloride on altering the moisture content of the treated samples. The average results of the moisture content for 7-, 21-, and 30-day cured sample with 6 % calcium chloride concentration were 153, 147, and 146 %, respectively (Fig. 8) .
It is noteworthy that the calcium cations are absorbed by the organic colloidal particles due to Fig. 8 Effect of calcium chloride addition on moisture content of peat after various curing periods Fig. 9 Coordinating bonding between mineral and organic parts of confection by calcium chloride (Iler 1955 (Iler , 1979 their high CEC (e.g., as presented in Table 1 , CEC is 54 meq 100/g for use peat sample) and the charge distribution in the fluid. At the low calcium chloride concentration condition, the surface charge of the colloidal particles is near to zero (Moayedi et al. 2012) . Consequently, the colloidal soil particles will not repel each other and tend to go toward the other particles with a zero net charge and rather aggregating and forming large-size particles by connecting silica anion with organic matter part of peat by calcium cation (Fig. 9) .
The strength improvement is optimized in the 6 % calcium chloride stabilizer. The higher dosage of calcium chloride caused more reduction in the shear strength of the stabilized peat soil results. The effect of extra calcium ions is explained earlier where the peat soil mixed with the high molarities of calcium oxide. Moreover, the pH of the stabilized soil with the calcium chloride did not change significantly up to the 6 % concentration. However, it was reduced to 5.8 beyond the 6 % grout concentration. Here also, the curing period did not affect the pH of the treated soil samples (Fig. 10) .
Microstructural Analysis
The microstructure of a material shows interdependence with mechanical and physical characteristics, such as compressive and tensile strength, water retention, Young's modulus, and Poisson's ratio (Gleize et al. 2003) . The process on how to conduct scanning electron microscope (SEM) and energydispersive X-ray spectroscopy (EDX) tests was explained previously. For microstructural study, thin slices of air-dried samples were tested after curing for 14 days. The results of SEM and EDX of untreated peat sample are shown in Fig. 11 . There are a large number of mesopores and macropores distributed in the untreated soil (Fig. 11) . As stated by Kaniraj and Yee (2011) , the individual organic particles are somewhat elongated and provided a porous structure. This aspect of the SEM results is in contrary to what reported by Kaniraj and Yee (2011) that the size of individual peat particles is generally smaller than 150 lm and thickness of the order of 40-50 lm (Kaniraj and Yee 2011) . The EDX result of natural peat showed the presence of oxygen (46.2 %), carbon (29.3 %), calcium (3.0 %), alumina (2.5 %), and silica (5.1 %) accordingly (Fig. 11b) . It is well known that having enough silica and alumina constituents in baseline soil induces the pozzolanic reaction (Munfakh and Wyllie 2000) . This also influences the selection of the admixtures accordingly. For example, lime stabilization is suitable only in clayey soils that have enough silica and alumina constituents to induce the pozzolanic reaction (Munfakh 2003) . Figure 12 presented the spectral imaging analysis of the untreated peat. Different elements of the soil such as carbon, oxygen, alumina, and silica can be clearly identified (Fig. 12b-e) . The presence of alumina and silica shows the availability of the clay fraction. As stated earlier, the kaolinite (Al 2 Si 2 O 5 (OH) 4 ) is observed to be the main mineral of the clay fraction part (Fig. 1) . The result of EDX is in contrary with the XRD data and proves that the kaolinite is the main mineral of the clay fraction part since, as mentioned, the kaolinite is a two-layer clay consisting of alternate layers of Si oxides and Al hydroxides. One layer of the kaolinite's mineral consists of an alumina octahedral sheet and a silica tetrahedral sheet sharing a common plane of oxygen atoms, and repeating layers of the mineral are hydrogen bonded together (Mitchell and Soga 2005) . As a consequence of this structure, the silica-oxygen and alumina-hydroxyl sheets are exposed and interact with different components in the soil (Miranda-Trevino and Coles 2003) .It should be mentioned that silicate clay minerals and colloidal silica are negatively charged, whereas colloidal iron and aluminum hydroxides or oxides are positively (Mitchell and Soga 2005) . Accordingly, the presence of aluminum hydroxides and oxides (e.g., as positively charged component) act as a binding agent for the baseline soil and causes attraction of both the peat colloids and silicate clay portion (e.g., negatively charged component).
Several samples were selected (i.e., from the maximum UCS results) in order to assess their microstructure change by using SEM micrograph and EDX experiment. The treated samples with the maximum UCS results are selected for the SEM and EDX to understand their changes in their microstructures after the addition of various cationic stabilizers. The results for several samples namely untreated (e.g., air-dried for 14 days), 8 % sodium silicate, 6 % calcium oxide, 4 % aluminum hydroxide, and 6 % calcium chloride are presented here as Figs. 13, 14, 15, and 16, respectively. The EDX results of soil treated with the 6 % calcium chloride showed the presence of chloride (14.5 %), calcium (15.0 %), silica (5.4 %), and alumina (3.9 %). As can be seen, the calcium and chloride are distributed through the soil and in many cases covered the peat particles (Fig. 16e) . Accordingly, Fig. 16e depicted the large amount of chloride particles that covered other components. The normal size of colloidal particles of chloride was 4.05 lm.
As reported earlier, there are a large number of mesopores and macropores distributed in the unstabilized soil (Fig. 11a) . However, there is less mesopores in the stabilized peat samples when admixed with the sodium silicate stabilizer (Fig. 13) . The EDX output of the stabilized soil with the sodium silicate reveals the significant presence of the calcium and silicate in the soil (Fig. 17) . The binding between the soil particles can be seen from the SEM micrograph results of the stabilized soil with the 8 % sodium silicate grout (Fig. 18) . This strongly suggests the formation of hydrated calcium silicates in the samples.
The presence of aluminum atoms (Fig. 15d ) also will enhance the soil strength since they are acting as binding agents between the negative colloidal particles and/or silicate atoms (Fig. 15e) . The same behavior can be seen when the calcium oxide used as stabilizer reagent. As presented in Fig. 19 , the organic particles were closely packed (Fig. 19a) . However, the huge number of mesopores can be seen from the Fig. 19b . As observed, the calcium oxide remarkably improved the soft peat's strength. The UCS of the treated soil with calcium oxide increased from its initial value of 15.7 kPa to about 75.7 kPa following 30-day curing. The EDX results of soil treated with the 6 % calcium chloride (Fig. 16) show the presence of oxygen (41.9), carbon (16.5 %), calcium (19.0 %), silica (3.1 %), and alumina (1.1 %). As stated, the reason for such an increase is closed packing of the particles. The presence of calcium ions in the calcium oxide significantly reduced the thickness of the DDL. The colloidal particles could only flocculate if the DDL compressed between them.
Interaction of Chemical Stabilizers with Peat
Four important mechanisms are explained here to explore the interaction between chemical stabilizer and peat sample. First of all, the changes in the diffuse double-layer (DDL), that is, the thickness of the peat sample in the presence of each chemical stabilizer. It is stated that the lower thickness of the diffuse layer enhances the flocculation of particles where in such case higher shear strength could be achieved. Secondly, changes in the pH of the soil samples during the chemical interactions of stabilized soil sample are the case to be mentioned. Those chemicals that cause the pH to increase make an appropriate environment for the stabilization process. For instance, the Eq. (1) showed the reactions of sodium silicate after being dissolved in the distilled water. As presented in Eq. (2), the released sodium (Na ? ) ions thorough the pure water reacts with the hydroxide ions and makes sodium hydroxide (NaOH).
Such reaction increases the pH significantly (Fig. 3 ) and in turn enhances the dissolving of the silica and alumina inside the peat soils.
Thirdly, the difference in the chemical bond is observed for the selected chemical stabilizer. The chemical bond between the compounds of calcium oxide is covalent. The covalent bond is much stronger than ionic bond [i.e., sodium silicate (Eq. 1) and calcium chloride (Eq. 3)].
A covalent bond is the chemical bond which involves the sharing of electron pairs between atoms. In such condition, the hydrogen (H ? ) derived from the water molecule (H 2 O) can be shared with the calcium oxide (CaO) produces the CaOH reagents. The remained hydroxide (OH -) from the water molecule will later be absorbed by the CaOH and produce calcium hydroxide (Ca(OH) 2 ) (i.e., presented in Eq. 4). 
The calcium hydroxide is a compound with an ionic bond that now can be ionized into different ions as presented in the Eq. (5).
The released hydroxide (OH -) remarkably increases the pH of stabilized soil and keeps the pH between 10 and 12 (Fig. 5) . In this rate, dissolving of the silicate and alumina and their reactions with the calcium ions (Ca 2? ) produces the calcium silicate hydrate (CSH) and calcium alumina silicate hydrate (CASH) gel that possess the soil strength improvement as described in Eqs. (6) and (7), respectively.
The difference between the calcium ions released from the calcium oxide and calcium chloride is mainly due to their types of the chemical bond. The chemicals having the covalent bond (i.e., calcium oxide) cannot be ionized like those that have the ionic bond system (i.e., calcium chloride). As stated, during the chemical reactions of calcium oxide with water, the released hydroxide (OH -) increases the pH. However, the released calcium (Ca 2?
) and/or chloride (Cl -) from the calcium chloride cannot react with the water compounds. Thereby, the pH did not increase when the calcium chloride stabilizers mixed with the soil (Fig. 10) . The high resulting shear strength from the calcium oxide admixture is due to the presence of both calcium ions and high pH environment. It is the most favorable condition to produce CSH and CASH gel as showed in Eqs. (6) and (7). Lastly, it is indeed well established that the main sources of peat are carbon dioxide. As mentioned, the calcium hydroxide is produced when the distilled water is added to the calcium oxide. Furthermore, when the calcium hydroxide mixed with the carbon dioxide from the baseline soil, it is precipitated to the desired calcium carbonate (Eq. 8) and this is one of the main reasons that the shear strength of the peat samples stabilized with the calcium oxide is improved.
Conclusions
The present research investigates the influence of different types of chemical stabilizer on peat samples from Kg. Jawa Klang, Selangor, Malaysia. To develop an understanding of the possible mechanisms involved, a series of experiments (e.g., UCS, pH, moisture content, SEM, and EDX) through careful variation of different parameters have been conducted, based on which the following conclusions are drawn.
1. The UCS results of the stabilized soil samples varied significantly depending upon the materials that used for main stabilizer. The optimum result for the shear strength improvement observed where 8, 6, 6, and 4 % for the sodium silicate, calcium oxide, calcium chloride, and aluminum hydroxide used, respectively. 2. The addition of more than 8 % sodium silicate (e.g., more than 8 % of the wet soil), 4 % aluminum hydroxide concentration, 6 % calcium oxide, and 6 % calcium chloride will decrease the UCS result significantly. It can be concluded that such reduction in the shear strength of stabilized samples is attributed to the presence of extra 3. The SEM results proved that by increasing the sodium silicate, calcium oxide, and aluminum hydroxide in the peat, the density of the confection increased with a corresponding decrease in the porosity (e.g., decreasing the micro-and macrostructure). This was apparent due to a reduction in the multitude of voids in the confection by hydration, aluminum hydroxide gel, and CSH gel production. These findings agree well with the UCS and moisture content results that are discussed earlier. 
